There are no blood biomarkers for the diagnosis of renal cell carcinoma (RCC) in routine clinical use. We focused on the gene expression profile of peripheral blood cells obtained from RCC patients to discover novel biomarkers for RCC diagnosis. Using microarray analysis and quantitative verification, CXCL7 was shown to be significantly upregulated in the peripheral blood cells of RCC patients. Importantly, aberrant CXCL7 expression was confirmed even in peripheral blood cells obtained from early stage (pT1a) RCC patients, and the expression level of CXCL7 in peripheral blood cells was a potential independent biomarker for the diagnosis of RCC by receiver operating characteristic curve analysis (sensitivity, 70.0%; specificity, 64.0%; area under the curve = 0.722; multiple logistic regression analysis: odds ratio, 1.07; 95% confidence interval, 1.03-1.11; P = 0.0004). Moreover, CXCL7 expression in peripheral blood cells significantly decreased after resection of the primary tumor. CXCL7 is more highly expressed in PBMCs than in neutrophils from both healthy controls and RCC patients. Interestingly, CXCL7 expression in PBMCs from healthy volunteers was significantly elevated following coculture with RCC cells compared to those cocultured with normal cells as a control. These results suggest that aberrant CXCL7 expression in peripheral blood cells is induced by RCC cells and may serve as a novel biomarker in the diagnosis of RCC. K idney cancer is one of the most common cancers, accounting for over 140 000 deaths worldwide each year, with renal cell carcinoma (RCC) accounting for nearly 90% of all cases.
There are no blood biomarkers for the diagnosis of renal cell carcinoma (RCC) in routine clinical use. We focused on the gene expression profile of peripheral blood cells obtained from RCC patients to discover novel biomarkers for RCC diagnosis. Using microarray analysis and quantitative verification, CXCL7 was shown to be significantly upregulated in the peripheral blood cells of RCC patients. Importantly, aberrant CXCL7 expression was confirmed even in peripheral blood cells obtained from early stage (pT1a) RCC patients, and the expression level of CXCL7 in peripheral blood cells was a potential independent biomarker for the diagnosis of RCC by receiver operating characteristic curve analysis (sensitivity, 70.0%; specificity, 64.0%; area under the curve = 0.722; multiple logistic regression analysis: odds ratio, 1.07; 95% confidence interval, 1.03-1.11; P = 0.0004). Moreover, CXCL7 expression in peripheral blood cells significantly decreased after resection of the primary tumor. CXCL7 is more highly expressed in PBMCs than in neutrophils from both healthy controls and RCC patients. Interestingly, CXCL7 expression in PBMCs from healthy volunteers was significantly elevated following coculture with RCC cells compared to those cocultured with normal cells as a control. These results suggest that aberrant CXCL7 expression in peripheral blood cells is induced by RCC cells and may serve as a novel biomarker in the diagnosis of RCC. K idney cancer is one of the most common cancers, accounting for over 140 000 deaths worldwide each year, with renal cell carcinoma (RCC) accounting for nearly 90% of all cases.
(1) It accounts for approximately 3% of adult malignancies and 90-95% of neoplasms arising from the kidney. (1) Most RCC patients do not present with canonical symptoms, such as flank pain or macrohematuria, and it is important to detect early stage RCC patients using non-invasive diagnostic methods along with ultrasonography or computed tomography.
Due to the delayed appearance of RCC-related clinical signs, metastatic disease is present in 20-30% of patients at diagnosis, with treatment outcomes for such patients remaining inadequate.
(2) Therefore, novel methods allowing for early detection of RCC should greatly improve the prognosis of many RCC patients, and such methods may also be useful for monitoring metastatic RCC patients during systemic therapy.
Blood-based tests, known as liquid biopsy, are non-invasive and suitable for monitoring disease progression. Here, we focused on the gene expression profiles of peripheral blood cells obtained from RCC patients to discover novel biomarkers for RCC diagnosis using the PAXgene Blood RNA system (Becton Dickinson, Franklin Lakes, NJ, USA) to easily collect total RNA from peripheral blood cells. (3) This is the first study to show that gene expression profiling of peripheral blood cells could provide biomarkers for the diagnosis of RCC.
Materials and Methods
Patients and blood samples. Whole blood (2.5 mL) was collected directly into PAXgene Blood RNA tubes (Becton Dickinson) and stored at À80°C. None of the patients had received systemic therapy, such as molecular-targeted therapies or immunotherapies, before the collection of blood samples. Patients were staged according to the 7th AJCC TNM staging system. (4) None of the healthy controls had a history of any other cancers. Post-operation blood samples (n = 10) were collected at least 1 month after surgical resection of primary tumors to avoid the effect of surgical stress on gene expression in peripheral blood cells. This study was approved by the ethics committee of Osaka University Hospital (Suita, Japan) (#13397-2).
RNA extraction from blood and microarray analysis. Total RNA was extracted from 204 blood samples according to the manufacturer's protocols. Total RNA (100 ng) was subjected to cDNA synthesis using the Ambion WT expression kit (Life Technologies, Carlsbad, CA, USA). cDNA was biotinylated and then fragmented with the GeneChip WT terminal labeling kit (Affymetrix, Santa Clara, CA, USA). After making the hybridization cocktail, biotinylated cDNAs were hybridized with GeneChip Human Transcriptome Array 2.0 (Affymetrix) for 16 h using 24 samples as the discovery cohort. After hybridization, the GeneChip was washed and stained using the GeneChip hybridization wash and stain kit (Affymetrix) and the GeneChip Fluidics Station 450 (Affymetrix). The GeneChip was then scanned by the GeneChip Scanner 3000 7G (Affymetrix). Partek Genomics Suite software was used for the data analysis (Partek, St. Louis, MO, USA).
Quantitative RT-PCR analysis. Five hundred nanograms of RNA were subjected to cDNA synthesis using Prime Script RT Reagent Kit (Clontech, Mountain View, CA, USA), according to the manufacturer's instructions, in a final volume of 40 lL. Quantitative RT-PCR (qRT-PCR) was carried out with a Thermal Cycler Dice Real Time System TP800 (TaKaRa Bio, Shiga, Japan) using SYBR premix Ex Taq II (TaKaRa Bio). The PCR conditions were 95°C for 30 s followed by 40 cycles at 95°C for 5 s and 60°C for 30 s for each gene-specific primer. Dissociation curves were generated at the end of the amplification to confirm the absence of primerdimer formations. GAPDH was used as a reference gene. Quantitative RT-PCR analysis of CXCL7 and GAPDH expression was carried out with the following oligonucleotides:
0 . The PCR reactions for each sample were carried out in triplicate.
Neutrophil isolation. Neutrophils were isolated from wholeblood samples of healthy volunteers (n = 8) and RCC patients (n = 8) using Ficoll-Paque Plus (GE Healthcare, Uppsala, Sweden) according to the manufacturer's procedure. The purity was typically 90-95% when assessed by H&E staining. In all experiments, cell viability, as assessed by the Trypan blue exclusion method, was over approximately 95%.
Peripheral blood mononuclear cell isolation. Peripheral blood mononuclear cells from individuals were isolated from wholeblood samples (21 mL) and collected into BD Vacutainer CPT tubes with sodium citrate (Becton Dickinson) according to the standard procedure.
Cell culture and in vitro coculture experiment. Human kidney cancer cell lines 786-O and Caki-2 and the non-malignant human kidney cell line HEK293T were purchased from ATCC (Manassas, VA, USA) and maintained in basal media (RPMI for 786-O and Caki-2, DMEM for HEK293T) supplemented with 10% FBS and 1% gentamicin-tyrosine solution (Invitrogen, Eugene, OR, USA) in a humidified incubator set to 37°C and 5% CO 2 . For coculture experiments, the three cell lines were split into 35-mm dishes (Becton Dickinson) and incubated for 2 days to reach 80-90% confluence. Transwell inserts (0.4-lm pore size; Corning, Corning, NY, USA) were then placed into the wells and 5 9 10 6 PBMCs from healthy volunteers were added to each Transwell insert. After 18 h, PBMCs were collected and lysed with Buffer RLT Plus with beta-ME (RNeasy Plus Mini Kit; Qiagen, Venlo, Netherlands) and subjected to RNA extraction and qRT-PCR.
Statistical analysis. Statistical analysis was undertaken using JMP12 (SAS Institute, Cary, NC, USA). Results are presented as mean AE SD, and data were compared using Wilcoxon test, Wilcoxon signed-rank test, or Dunn's multiple comparison test. Receiver operating characteristic (ROC) curve analysis was used to generate area under the curve (AUC) values for selected genes to evaluate their predictive ability for the diagnosis of RCC. Univariate and multivariate logistic regression analyses were carried out to determine independent factors for the diagnosis of RCC. Cancer-specific survival was calculated using the Kaplan-Meier method, and differences between groups were assessed by the log-rank test. Differences were considered statistically significant when the P-value was < 0.05.
Results
CXCL7 was upregulated in peripheral blood cells of RCC patients. To identify an immunogenic signature in peripheral blood cells, we undertook gene microarray analysis using peripheral blood cells obtained from RCC patients compared to those from healthy controls. The discovery cohort included 12 RCC patients diagnosed at Osaka University Hospital between 2013 and 2014, with 11 being diagnosed as clear cell RCC (ccRCC) and one as papillary RCC, and 12 healthy volunteers as controls. Six of the RCC patients were early stage (stage I) patients and the others were advanced (stage III-IV) ( Table 1) . We identified a unique gene expression signature for RCC patients, with 15 genes showing significantly higher or lower expression in RCC patients compared to healthy controls (fold-change ≥1.5 or ≤ À1.5, P < 0.05, signal intensity ≥7.00, protein coding gene) ( Table 2) . These results were confirmed by qRT-PCR (Fig. S1 ). To identify which of these genes could be potential biomarkers for RCC diagnosis, ROC curve analysis was carried out using the discovery cohort samples. We found that CXCL7 was the candidate gene with the highest accuracy (AUC = 0.868, P < 0.001) for the diagnosis of RCC (Fig. 1 ).
CXCL7 expression level in peripheral blood cells is an independent predictive biomarker for RCC diagnosis. We evaluated the predictive ability of CXCL7 expression levels in peripheral blood cells using verification cohort samples. The verification cohort included 130 RCC patients (stage I, 78; stage II, 9; stage III, 26; stage IV, 17) diagnosed at Osaka University Hospital between 2013 and 2016, and 50 healthy controls. Of the 130 RCC patients in this cohort, 111 were diagnosed with ccRCC, 7 were diagnosed with papillary RCC, 6 were diagnosed with chromophobe RCC, and 6 were diagnosed with unclassified RCC (Table 1 ). The expression levels of CXCL7 in peripheral blood cells from RCC patients were significantly higher than those from healthy controls (P < 0.01; Fig. 2a) . Moreover, CXCL7 expression increased according to TNM stage (Fig. 2b) . Elevated levels of CXCL7 mRNA were confirmed even in RCC patients with small tumors (pT1a, n = 59, P < 0.01; Fig. 2c ). The ROC curve analysis showed a sensitivity of 70.0% and a specificity of 64.0% (AUC = 0.722, P < 0.001; Fig. 2d ) in order to diagnose RCC. Multivariate logistic regression analysis revealed that the expression level of CXCL7 in peripheral blood cells was the significant diagnostic factor (odds ratio, 1.07; 95% confidence interval, 1.033-1.109; P < 0.001, Table 3 ). These results strongly suggest that CXCL7 expression level in peripheral blood cells is a potential biomarker for the diagnosis of RCC. Using Kaplan-Meyer analysis and the log-rank test, the levels of CXCL7 (low vs high, P = 0.036) showed a significant association with cancerspecific survival rate (Fig. 3) .
We also evaluated the usefulness of CXCL7 using only ccRCC patients, the major histological type of RCC. (5) The expression levels of CXCL7 in peripheral blood cells from ccRCC patients (n = 111) were significantly higher than those from healthy controls (P < 0.01; Fig. S2a ) and increased according to TNM stage (Fig. S2b) . Even in pT1a patients, CXCL7 mRNA was elevated compared to healthy controls (P < 0.01; Fig. S2c) . The ROC curve analysis showed a sensitivity of 70.3% and a specificity of 62.0% (AUC = 0.712, P < 0.001; Fig. S2d ) for the diagnosis of ccRCC. Multivariate logistic regression analysis revealed that the expression level of CXCL7 in peripheral blood cells was the significant diagnostic factor (odds ratio, 1.065; 95% confidence interval, 1.032-1.108; P < 0.001; Table S1 ). These results strongly suggest that the CXCL7 expression level in peripheral blood cells is a potential biomarker for the diagnosis of ccRCC.
Next, we evaluated the expression levels of CXCL7 in peripheral blood cells obtained from RCC patients (n = 10: stage I, 3; stage II, 2; stage III, 3; stage IV, 2) before and after surgical removal of the primary tumor. Interestingly, expression levels of CXCL7 in peripheral blood cells were significantly lower in postoperative states than in preoperative states (P < 0.01; Fig. 4 ).
Coculture with RCC cells upregulates CXCL7 expression in
PBMCs. To determine whether CXCL7 was expressed in neutrophils or PBMCs, we extracted neutrophils and PBMCs from whole blood from healthy controls (n = 8) and cancer patients (n = 8). CXCL7 was more highly expressed in PBMCs than in neutrophils, both for healthy controls and RCC patients (both were approximately 20-fold, P < 0.01; Fig. S3 ). Next, to examine the effect of RCC cells on CXCL7 expression in PBMCs, we cocultured PBMCs from healthy controls with RCC cell lines (786-O or Caki-2 cells) or HEK293T cells as a control. Coculture with RCC cells led to significant upregulation of CXCL7 in PBMCs compared to the HEK293T cells, suggesting that RCC cells upregulated CXCL7 expression in PBMCs (P < 0.05; Fig. 5 ).
Discussion
There are few reported blood biomarkers for the diagnosis of RCC patients. A number of miRNAs and proteins in serum or plasma were investigated as potential biomarkers for RCC, but they were not clinically useful for the diagnosis of RCC. (6) (7) (8) Renal cell carcinoma is considered to be an immunogenic tumor, (9) and immunotherapeutic approaches, such as interleukin-2, a-interferon, and immune checkpoint inhibitors have been used. (10) (11) (12) Previously, expression levels of several genes in PBMCs have been reported to correlate with the prognosis of advanced RCC patients using microarray analysis and a hierarchical clustering method. However, it remains inconvenient to extract PBMCs from whole peripheral blood and difficult to ensure RNA stability in this context, hence these methods are likely not suitable for RCC diagnosis in clinical use. (13) We focused on gene expression profiling of whole peripheral blood cells using the PAXgene Blood RNA system (Becton Dickinson) to collect blood samples. This system was developed to overcome those disadvantages on sample collection, transport, and storage of blood, stabilization of intracellular RNA in a closed tube, and subsequent isolation and purification of intracellular RNA from whole blood. (3) As detailed in a previous report, this system has been used for gene expression profiling of peripheral blood cells from patients with cancer of the digestive system compared to healthy volunteers. The researchers discovered a gene Fig. 1 . Discovery of candidate genes for the diagnosis of renal cell carcinoma. Expression levels in peripheral blood cells of 15 candidate genes identified from the discovery cohort (n = 24) were determined by quantitative RT-PCR. These values were then subjected to receiver operating characteristic curve analysis for correlation with diagnosis of renal cell carcinoma. signature profile in peripheral blood cells that differentiated patients with gastrointestinal tract cancers from healthy controls, and produced a custom-made microarray chip for commercial use in medical checkups. (14) In our approach, we aimed to develop a simpler, faster, and more cost-effective diagnostic method for RCC based on qRT-PCR analysis of a handful of differentially expressed genes. From our initial microarray study, three genes (CXCL7, CD79A, and EIF2AK2) were selected using Bayesian analysis. (15) However, of these three targets, only the upregulation of CXCL7 in peripheral blood cells from RCC patients was shown to be statistically significant in our verification cohort (data not shown). Importantly, the expression level of CXCL7 in peripheral blood cells was significantly upregulated not only in late stage but also early stage RCC patients (Figs 1,2) . Moreover, we found that high expression levels of CXCL7 in the peripheral blood of RCC patients correlated with significantly worse prognosis (Fig. 3) .
CXCL7 is a platelet-derived growth factor and belongs to the CXC chemokine family. It is also a potent chemoattractant and activator of neutrophils. (16) Overexpression of CXCL7 in cancer cells is thought to promote cell proliferation in vivo and in vitro. (17) As a ligand, CXCL7 binds to C-X-C motif chemokine receptor 1/2 and induces tumor angiogenesis and tumor cell migration. (18) As mentioned above, CXCL7 was more highly expressed in PBMCs than in neutrophils, both for healthy controls and RCC patients (Fig. S3) . The mechanism by which the expression level of CXCL7 in PBMCs is elevated remains unclear. It has been reported that canine dendritic cells treated with interleukin (IL)-1b, IL-6, tumor necrosis factor-a, or transforming growth factor-b expressed significantly higher levels of CXCL7 mRNA and protein than when treated with c-interferon or lipopolysaccharide. (19) Other reports showed that expression of CXCL7 was induced by the central pro-inflammatory cytokine IL-1b. (17) Kidney cancer cells produce both pro-inflammatory and T-cell inhibitory cytokines such as IL-6, tumor necrosis factor-a, and transforming growth factor-b that potentially could influence the immune response of the host. (20) These cytokines have also been reported to have a positive correlation with tumor size in RCC. (21) The reports indicated that kidney cancer cells induce these cytokines and upregulate the expression level of CXCL7 in peripheral blood cells of RCC patients. Here, we investigated whether RCC cells truly upregulated CXCL7 expression in PBMCs independently from other factors, for instance, as a general consequence of cancerrelated inflammation. Our in vitro study suggests that RCC cells regulated the CXCL7 expression in PBMCs. Further study is needed to clarify the mechanism by which PBMCs are influenced by cancer cells, a phenomenon that has previously been reported in lung cancer. In the present study, only the expression level of CXCL7 was identified as an independent biomarker for the diagnosis of RCC in multivariate analysis (Table 3) . Although hemoglobin, C-reactive protein, and neutrophil to leukocyte ratio are well known as prognostic factors for advanced RCC patients, (23) (24) (25) (26) our results suggested that CXCL7 was more sensitive and useful to detect the earlier-stage RCC patients than these three parameters, which are mainly intended for the diagnosis of advanced stage RCC.
Next, we confirmed that the expression level of CXCL7 in peripheral blood cells is significantly decreased after resection of the primary tumor, even when metastatic tumor remains. These results suggest that CXCL7 expression in peripheral blood cells may reflect the total tumor burden in each individual, potentially making it a useful biomarker for monitoring patients during systemic therapy (Fig. 4) .
Finally, we also examined peripheral blood from patients with other urological cancers, such as prostate cancer and urothelial carcinoma. Although most were advanced cancers, the expression level of CXCL7 was not significantly upregulated in those patients (data not shown).
In conclusion, our results indicate that RCC cells upregulate the expression level of CXCL7 in PBMCs, making CXCL7 a potential biomarker for detecting RCC, even in early stage disease. Furthermore, we hope that in the future this biomarker will be useful for monitoring the state of RCC during the observation period after surgical resection of local RCC, as well as during systemic therapies such as molecular targeted drugs and checkpoint inhibitors. Fig. S2 . Expression levels of CXCL7 in peripheral blood cells were upregulated in patients with clear cell renal cell carcinoma compared to healthy controls. Fig. S3 . CXCL7 was predominantly expressed in PBMCs. Table S1 . Univariate and multivariate logistic regression analyses on the expression levels of CXCL7 for the diagnosis of clear cell renal cell carcinoma in the verification cohort.
